Abstract. Both software organisations and the academic community are aware that the requirements phase of software development is in need of further support. We address this problem by creating a specialised Requirements Capability Maturity Model (R-CMM 1 ). The model focuses on the requirements engineering process as defined within the established Software Engineering Institute's (SEI's) software process improvement framework. Our empirical work with software practitioners is a primary motivation for creating this requirements engineering process improvement model. Although all organisations in our study were involved in software process improvement (SPI), they all showed a lack of control over many requirement engineering activities. This paper describes how the requirements engineering (RE) process is decomposed and prioritised in accordance with maturity goals set by the SEI's Software Capability Maturity Model (SW CMM). Our R-CMM builds on the SEI's framework by identifying and defining recommended RE sub-processes that meet maturity goals. This new focus will help practitioners to define their RE process with a view to setting realistic goals for improvement.
Introduction
According to the software engineering literature requirements engineering (RE) is a very important part of software development, yet getting requirements right continues to be a universal problem. Requirements errors can be costly in terms of lost time, lost revenue, loss of reputation and even survival. Solutions are proposed to help practitioners with their technical and organisational RE problems. Various models have been developed to guide organisations towards optimising their software processes and instruments are designed to measure process strengths. The software industry accepts they need help and the research community is endeavouring to support them. With this plethora of information, however, it is difficult for the practitioner to know where to start to look for help.
In this paper we explain the main stages involved in developing a model that guides practitioners to understand their own RE process. We aim to support the practitioner by providing guidelines for RE process improvement within a familiar framework. Our Requirements Capability Maturity Model (R-CMM) builds on the established SEI Software Capability Maturity Model (SW CMM) (Paulk et al., 1995) improvement framework. Relating the RE process to the SW CMM will enable practitioners to use our model in conjunction with on-going Software Process Improvement (SPI) activities. Our R-CMM can be used with the SW CMM or used independently to assess RE process capability.
Terms such as 'requirements', 'specification', 'requirements engineering' and 'RE' are often used in the literature to embrace the whole of the requirements 'process' (Lindland et al., 1994) . The term 'requirements engineering process' or 'RE process' as used in this study, refers to activities performed in the requirements phase that culminate in producing a document containing the software requirements specification (Jalote, 1997) . More specifically, the RE process is the set of activities required to gather, specify, validate and engineer a set of requirements (Thayer and Dorfman, 1990 ); whereas 'a requirement' is defined as "a feature or behaviour of the system that is desired by one or more stakeholders" (Britton, 2000) . This study focuses on the 'RE process' and not the individual feature or behaviour of the system. A glossary of terms used in this paper is given in Appendix A.
Rationale for building a model of RE based on the SW CMM
Our empirical work with twelve software development companies involved in SPI provided the initial motivation for developing the R-CMM (Hall et al., 2002a and 2002b; Beecham et al., 2003c) . Forty-five focus groups were held to explore general software development problems experienced by groups of developers, project managers and senior managers within a SPI environment. All groups reported a general dissatisfaction with the way their RE process was managed where problems ranged from poor communication with stakeholders, to a lack of resource. Analysis of the RE problems voiced by our practitioners together with an analysis of the literature led us to explore the possibility of bringing together existing strategies for managing and controlling the RE process (Beecham et al., 2003a) .
Basing the R-CMM on a known software improvement framework offers the user many advantages. The framework pulls together disparate work in the field of RE and presents solutions in a way that is accessible to both practitioners and researchers. The R-CMM includes an assessment method that guides the user to understand their current RE process with a view to prioritizing process implementation against maturity goals. The rationale for basing our model on the SW CMM is that it:
• Contains guidelines for many RE-related activities • Is based on best practice derived from many years of empirical study • Has a limited set of activities • Is a known standard • Has a proven record of achievement • Is designed to be tailored to focus on specific process areas • Continues to be supported by the SEI • Has a maturity structure to help with process prioritisation • Is goal focussed • Integrates RE processes with software development The R-CMM taps into the strengths of the SW CMM to form a specialised best practice model that is familiar, integrates with related software processes, and has a tried and tested methodology. The R-CMM therefore helps practitioners to identify where their priorities lie and guides them towards solving their RE problems from within a software development context.
Our work differentiates itself from other RE models such as Sommerville and Sawyer's good practice guide (1997) as it aligns itself with the SW CMM rather than developing a new maturity structure. Our R-CMM builds on prior work by bringing together proven and familiar methodologies. Humphrey emphasises the need for the research community to follow this strategy by exploiting existing solutions:
"Every time software people have faced a new problem, instead of building on prior work, we have invented some new language, tool, or method. This forces us to start over, and it also forces our users to start over." (Humphrey, 2002) Adapting the SW CMM to focus on a different area in need of improvement is not a new concept. For example its maturity improvement framework has been used in the field of strategic planning, in the IT Service industry and in testing software (Burnstein et al., 1996; Christie, 1999; Neissink et al., 2002) . Also, the SEI continues to develop and supplement the CMM, its most recent release being the Capability Maturity Model Integration (CMMI, 2001) .
While these related models prove the versatility of the SW CMM, the accompanying literature does not detail the rationale for adapting the CMM concept to new environments. We therefore extend the work on model adaptation by explaining how and why the SW CMM is used to create a firm foundation on which to place the RE process and recommended best practices. The R-CMM is a suite of models that takes practitioners from a high level view of the process, through to a detailed guideline and finally to a process assessment method to guide companies towards satisfying particular company goals. This paper is organised as follows: In Section two we explain our motivation for building the R-CMM. Section three gives a background to how we use existing techniques to build a framework and provides a rationale for using the SEI's SW CMM to mould the R-CMM. In section four we introduce the R-CMM and outline how the RE process is decomposed into 5 maturity levels. Section five explains how the R-CMM retains a goal focus through an adaptation of the Goal Question Metric paradigm. Section six presents the Level 2 RE process improvement model at differing levels of abstraction. We summarise and conclude in Section seven.
Empirical study of SPI problems in software development
The primary motivation for building the R-CMM emanates from our previous empirical research with 12 software development companies (Hall et al., 2002b; Beecham et al., 2003c Beecham et al., , 2004 . Our research highlighted problem areas in software development that led to a detailed study of the problems practitioners were experiencing in RE (Hall et al., 2002a) . The study examined the first four SW CMM levels. One of our most significant findings agrees with Paulk et al. (1995) that, "although software engineers and managers often know their problems in great detail, they may disagree on which improvements are most important". A primary aim of the RE model, therefore, is to help organisations agree on a strategy for improvement and achieve a consensus on how to implement RE related improvement activities.
Although the companies in our empirical study varied in size and application area, they were all using the SW CMM to guide them in their software process improvement activities. As discussed fully in Hall et al. (2002a Hall et al. ( , 2002b and Beecham et al. (2003c) , the companies in our study included nine multi-national companies, as well as some small and medium sized software development companies. We interviewed three different staff groups (developers, project managers and senior managers) in 45 focus group sessions and discovered a general enthusiasm for the CMM. A comment from a senior manager shows the wider benefits of implementing a CMM improvement method, "it should help people have a stronger sense of being professional and working for a first class company and should help towards retaining staff and reducing costs". While a project manager takes a more pragmatic view stating that "[the CMM] helps you to control your destiny".
When asked about general problems these practitioners were having with their software development a common theme throughout all focus groups related to RE. For example a project manager states, "I don't believe that we spend enough time up front of the project doing all the work, understanding exactly what we need to do and consequently we learn as we go through and have to keep changing the requirements". Another quote given by a developer clearly shows a frustration with the lack of control over inevitable changes in requirements, stating: "We get changes in requirements during development which add extra resource factors onto our jobs but that is not taken into account. It is not factored into our time scales. It is the biggest problem for me at the moment". These RE problems were common throughout the 4 levels of SW CMM maturity represented in the focus groups.
Taking a closer look at the type of RE problems practitioners were experiencing revealed two distinct categories: Organisational and Technical RE problems as shown in Table 1 .
Dividing the number of RE problems reported into these two categories reveals dichotomous behaviour as companies mature through from Level 1 to Level 4. Figure 1 is a normalised representation of 364 organisational and technical RE problems reported across the 4 maturity groups. Here, the companies in our study appear to increase their control over RE problems as their CMM capability matures. This is shown by the gradual drop in total number of reported problems in the scale from maturity level 1 to 4 (shown by the striped bar). Indeed, the technical process seems to reflect this with the drop in reported problems in defined capability Levels 2-4. However, organisational problems reported remain fairly constant over the three defined levels (Levels 2-4) as shown by the black bar in Figure 1 . This suggests a lack of ability to manage organisational RE problems despite increased process capability. This weakness would be masked in an analysis of all RE problems. This analysis suggests a need to help practitioners manage organisational activities along with technical aspects of the RE process. Although the SW CMM is rich in references to organisational best practices, the messages do not appear to be reaching the practitioners in our study. It could be that the SW CMM presents a confused message for process improvement, for example Ngwenyama and Neilsen (2003) contend that the SW CMM makes contradictory assumptions about organisational culture that will cause difficulties to implementation teams. The importance of supporting and controlling organisational subprocesses along with technical sub-processes is highlighted in SPI research (Lubars et al., 1993; Perry et al., 1994) . Furthermore, organisational aspects are often overshadowed by the many research efforts aimed at developing technology support (Rossi, 1999) . The R-CMM redresses this imbalance by including both organisational and technical processes within its improvement paradigm. The practitioner can thereby gain a more holistic picture of the key activities involved in RE prior to setting goals for improvement.
Our empirical research led us to conclude that the SW CMM in its current form is not helping practitioners to: (a) identify and define both technical and organisational aspects of the RE process (b) recognise RE process problems (c) assess and agree RE improvement priorities (d) relate RE process problems to RE improvement goals (e) relate RE improvement goals to the general software CMM guidelines and activities In order to strengthen these aspects of the SW CMM, our specialised process improvement model isolates the RE process and assists practitioners to identify and prioritise their problems. It takes the advice given by Paulk et al. (1995) and guides practitioners to focus on "a limited set of activities" and "work aggressively to achieve their goals". A primary motivation for building the R-CMM therefore, is to ensure that RE process needs are identified and included in company goals.
Augmenting the SW CMM-Learning from previous work
In this section we explain how SW CMM characteristics are used to create a framework for defining the RE process. We take the advice of Wiegers (1998b) and Humphrey (2002) and guide practitioners to apply techniques defined by existing models and frameworks in a routine and effective way. Wiegers adds that once the practical limits of known approaches have been reached, we can turn to improved models that provide guidance for working in better ways. Therefore, as the current SW CMM approach to improvement seems to be "necessary but not sufficient . . . and does not address many crucial processes or areas of activity" (Rogoway, 1998) , we create an augmented, specialised CMM to fill this gap.
Reasons for using the SW CMM
The SW CMM has been criticised as being too descriptive, as missing many important activities and setting incorrect priorities, e.g. (Brodman and Johnson, 1994; Hayes and Zubrow, 1995; Sommerville and Sawyer, 1997; Lauesen and Vinter, 2001; Hall et al., 2002a) . We appreciate that the SW CMM is not a perfect model of software process assessment and improvement, as Paulk et al. (1995) admit, "all models are wrong; some are useful. Models are simplifications of the real world they represent and the CMM is not an exhaustive description of the software process". Despite this failing, there are many compelling reasons in favour of using SW CMM concepts as a basis for creating our specialised R-CMM.
Firstly, a pragmatic reason for using the SW CMM is that it is the most used model for judging the maturity of software processes (El Emam and Madhavji, 1995b) and (Ngwenyama and Neilsen, 2003) . According to Rogoway (1998) it has become a de facto standard for assessing and improving processes. Thousands of users have made significant improvements in product quality, productivity and cycle time as a result of using the SW CMM together with the SW CMM assessment. In building the specialised R-CMM we found that many of the processes required to meet users' RE needs are indeed embedded in the SW CMM.
Secondly, the SW CMM is designed to be tailored and adapted to meet specific needs as it is a normative model (Paulk et al., 1995) . We know that augmentation of the SW CMM is possible, as its framework has been adapted both inside and outside the field of Software Engineering. There are reportedly 34 CMMs developed by different groups (Reifer, 2000) . Examples of model adaptation inside software engineering include Hackos (1997) , who adapted the CMM to create a tool for strategic planning and Christie (1999) , who created a CMM simulation to support process measurement. An example of CMM adaptation outside software engineering is in the IT service industry where CMM framework is used to help improve processes (Neissink et al., 2002) .
Thirdly, the SW CMM is a 'living model' and is actively supported by the SEI. It is continually undergoing changes as the SEI recognises the complex needs of the software industry. For example, the SW CMM has been supplemented with paradigms such as the IDEAL improvement model (McFeeley, 1996) , the People Capability Maturity Model , Personal Software Process (Humphrey, 1997) and Team Software Process (Humphrey, 2000) . The latest development is the Capability Maturity Model Integration (CMMI, 2001 ) that attempts to bring the different SEI process assessment and guideline models together under one meta-model. The concept is to allow users to generate combinations of CMMs of interest to them (Reifer, 2000) . This development suggests that the model itself evolves to reflect the current needs of users.
Finally, an empirical reason for using the SW CMM is that our previous studies base their findings on the experiences of practitioners who used the SW CMM as a standard for assessing and improving software processes (Hall et al., 2002b; Beecham et al., 2003c) . It is of direct relevance therefore to use this empirical data to create a model that addresses the problems raised by practitioners in their improvement activities. Also, as practitioners continue to use the SW CMM they should be given the opportunity to implement proven methods within a familiar framework (Humphrey, 2002) and (Wiegers, 1998b) .
Defining the R-CMM
Defining processes is recognized as a critical element in software process improvement (Christie, 1999) yet to be useful a model must be a clear simplification of the complex world it is modelling (David, 2000) . To keep the presentation clear and useable, the R-CMM links the RE process to maturity levels, but is not an exhaustive representation of the RE process. The RE process is broken down into key sub-processes. Each sub-process is defined and assessed. To ensure that all users of the model interpret the terms used in the same way, separate documentation is available that includes a glossary of terms and detailed definitions of each RE sub-process (Beecham et al., 2003b) .
The R-CMM is designed to help practitioners strengthen their RE process by implementing sub-processes (or best practices) in a logical order. Figure 2 introduces the R-CMM and places it in context with the SW CMM. This high level view of the model shows how the RE process matures from an ad-hoc undefined level to a continuously improving level. The model also shows how each R-CMM level has a pre-defined goal to help companies focus on their improvement activities. Figure 2 characterises the capability of the RE process at five levels of maturity, where for example a disciplined and structured RE process has a level 2 capability.
Basing the R-CMM on a SW CMM framework also means that any company already using the SW CMM should find it easy to apply and use. However, the R-CMM can be also used independently of the SW CMM to assess the strength of the RE process. Therefore, the R-CMM has a broad application.
Transposing SW CMM characteristics into a R-CMM
This section presents an overview of how each of the 5 levels of maturity introduced in Figure 2 characterises different RE process capability. The sub-sections detailing maturity levels 2-5 show how SW CMM maturity characteristics act as initial RE process improvement goals. (As in the CMM, level 1 companies do not have any defined goals). The subsequent sections also indicate how our empirical findings from the focus groups influence our model design (Hall et al., 2002b; Beecham et al., 2003c Beecham et al., , 2004 . This section does not include guidelines for improvement; it focuses on the process capability and problems associated with each maturity level.
R-CMM Level 1 (Figure 2 Segment)
Our empirical study consisted mainly of Level 1 companies, reflecting the state of software development in general where an estimated 70% of companies remain at this undisciplined level of capability Chrissis, 2000, 2002) . Within our study, RE problems were found to be common, with Level 1 companies reporting more problems in this area than any other maturity group. Their main problems relate to vague requirements, lack of traceability, undefined RE process, insufficient RE resource, lack of training and poor levels of skill.
Examples of comments recorded from Level 1 practitioners within these categories include:
• "Requirements are very vague . . . Interpretation of requirements is very difficult. There are gaps in them. Not detailed enough . . ."(vague requirements) • "how do we control the changes that go in? . . ."(undefined RE process)
• "keeping track of requirements over that period of time . . . is a major issue" and "We should be able to trace any requirements via the register, but critical success factors are not good" (lack of traceability) • "something that if you had the resources to hand would have taken a day takes 3 days as you have to wait until you are both free to speak." " . . . we haven't necessarily put the resources in to setting some of those processes and systems into place." (insufficient RE resource) • "[We need to] get people on training re: requirements . . . but very difficult to get training implemented."(lack of training ) • "Not enough skilled business analysts . . . impacting requirements" and "a lot of our experts are disappearing and a lot of history is going with the projects". (poor levels of skill)
A characteristic of Level 1 companies is that they have not defined their RE process. These companies operate in their own unique way and depend on people rather than process. Paulk et al. (1995) describe success at this level as depending on "the competence and heroics of the people in the organization and cannot be repeated unless the same individuals are assigned to the next project". However, a general 'improvement' goal for a company with ad hoc processes is to mature to Level 2 where their processes become repeatable.
Recommendations: Level 1 organisations need to work towards developing a disciplined process and need to raise their awareness of their RE problems. Examining the R-CMM sub-processes at Level 2 should help managers gain an insight into their RE process and encourage them to buy into the idea of software process improvement (Beecham et al., 2005) . It is likely that managers at this level of maturity will need to prioritise their RE problems. By definition, this 'ad-hoc' level has no associated 'best practices'. It is at Level 2 that the R-CMM addresses the needs of the Level 1 companies. To progress to Level 2 requires that organisations examine their RE process in detail.
R-CMM Level 2 (Figure 2 Segment)
Our empirical research showed that organisations with a Level 2 capability experience fewer technical problems with their RE process than their Level 1 counterparts. While this suggests that the SW CMM strategies they are following are working to an extent, our analysis revealed that their organisational problems did not ease off. Problems with communication remain a major problem along with staff retention. For example, our study showed that technical difficulty for Level 2 companies centred on complex requirements, requirements growth and an undefined RE process. Definitions of all these problem groups are given in the glossary in Appendix A. When building our model we include sub-processes to address these areas of concern at this level of maturity.
Companies at this 'repeatable' Level 2 process capability have established basic project management sub-processes to track cost, schedule, and functionality. The necessary process discipline is in place to repeat earlier successes on projects with similar applications (Paulk et al., 1995) .
The R-CMM at Level 2 maturity aims to help managers to identify and document the RE process by learning from previous project successes and failures. This is achieved by an assessment of current processes (assessment, or 'metrics' is a part of the R-CMM and is explained in Section 5). Examining their current sub-processes and learning where weaknesses lie will help managers gain a general overview and allow them to address RE issues associated with individual projects.
RE management is a Level 2 key process area (KPA) in the SW CMM. The R-CMM reflects this by creating a baseline model of the RE process that is built on as a company matures. Therefore, 'baseline model' refers to the first defined model built that provides a foundation for future process improvement. In the spirit of continuous improvement, a Level 2 compliant organisation should be working towards creating a standard and consistent organisation-wide RE process at Level 3 maturity. We include a model of the Level 2 R-CMM including all its twenty sub-processes in section 6.
R-CMM Level 3 (Figure 2 Segment)
Similar to Level 2 companies, our empirical research showed that Level 3 companies had increased control over their technical RE problems, but saw little improvement in managing their organisational processes. They continued to report problems relating to the support of the RE process. Level 3 companies are most concerned with user understanding of requirements, internal communication and external communication. Examples of these issues as extracted from the focus group data are given in the glossary in Appendix A. When building the R-CMM, the particular issues raised by practitioners in our focus groups, are addressed along with guidelines at Level 3 process capability.
Level 3 R-CMM co-ordinates the RE sub-processes that were established at Level 2. The focus shifts from project based sub-processes towards creating company-wide, organisational standards and visibility. All projects now use a documented and approved version of the organisation's [RE] process (Paulk et al., 1995, p. 193) . With these sub-processes in place, management has an increased ability to see and control RE activities which may previously have been viewed as black boxes.
R-CMM Level 4 (Figure 2 Segment)
Our analysis of Level 4 RE needs is drawn from a small sample of three focus groups within one company. We therefore use the results to suggest RE sub-processes that may need support. For example, the trend to manage technical requirement problems with increased maturity continues as no technical RE problems were reported at this level. However, organisational problems remain a problem, despite the general increase in process capability. (In the glossary in Appendix A, we give examples of organisational problems).
Companies at this 'managed' Level 4 maturity are in a position to collect detailed measures of the RE process and product quality. Both the RE process and products (in terms of defects for example) are quantitatively understood and controlled using detailed measurements (Paulk et al., 1995) .
At this level of maturity, the R-CMM is guided primarily by the SW CMM. We do not have sufficient data from our empirical study to support introducing new processes and therefore rely on the SW CMM to specify activities that focus on RE. The R-CMM reflects the SW CMM focus on measurement at Level 4 RE process maturity by introducing quantitative RE quality goals. Managers are also more able to assess the risks of modifying their processes or integrating new process elements (Christie, 1999) . Examples of measurement data include: effectiveness of RE training; and number and severity of defects found in the software requirements (Paulk et al., 1995) .
R-CMM Level 5 (Figure 2 Segment)
Our empirical study did not include an organisation with a Level 5 software process capability, which is not surprising as there are relatively few companies in the world that have reached this level of maturity (SEI, 2002) . We therefore look to the SW CMM for maturity characteristics and refer to the RE literature for complimentary best practices. The R-CMM at this high level maturity is therefore a distillation of RE features from the SW CMM and the literature.
Companies at this 'optimizing' level continually improve their processes through quantitative feedback from the process and from testing innovative ideas and technologies (Paulk et al., 1995) . Companies moving up from Level 4 to Level 5 should have a wealth of metric data to manage the course of a process (Christie, 1999) . This creates an environment where sub-processes can be confidently modified. New methods to improve the RE process can be continually tried in a controlled manner.
The R-CMM goal question process metric focus
In this section we explain how the R-CMM adapts the Goal Question Metric (GQM) paradigm (Basili and Rombach 1988) to include a 'process' element. Figure 3 shows our goal centred approach to RE process improvement. We have added a 'process' element to the GQM as defining sub-processes within a maturity framework is the essence of the R-CMM. The process element directly addresses the needs of a business as defined in the initial 'goal' element. For example, the continuous improvement approach to process improvement shown in Figure 3 gives visibility into what is required to improve RE quality (e.g. improved traceability) and can combine these technical sub-processes with those that relate to organisational sub-processes such as resourcing, time-scales and cost that are equally important to business (Solingen and Berghout, 1999) . Figure 3 gives an example of how the organisation sets an improvement goal and how this goal is decomposed through a series of questions that relate to given processes. Figure  3 also shows how the R-CMM supports continuous improvement as advocated by Deming (1982) and Humphrey (1989) .
The next four sections discuss each of the main elements in Figure 3 .
R-CMM goals
Organisations need to define their improvement goals otherwise the improvement activities will turn out to be as chaotic as the development process itself (Solingen and Berghout, 1999) . The R-CMM differentiates between the high level goals in Figure 2 (e.g. "implement a repeatable RE process") that provide a focus for each maturity level, and the individual 'tailored' goals featured in Figure 3 . This distinction is made to ensure that the improvement effort is driven primarily by individual goals and not maturity level goals (Wiegers, 1998a) . Research also shows that if a SPI program is focussed on current business needs and is understood and agreed by management it is more likely to survive in the long term (McFeeley, 1996) . This goal focus is further advocated by Rifkin (2001) and Potter and Sakry (2001) in their work on software process improvement methods. A further benefit of this approach is that goals help companies to remember that their main purpose is "to develop software rather than processes" (Fayad, 1997) .
To meet these aims, the R-CMM guides practitioners towards identifying new businessrelated improvement goals based on an assessment of their current capabilities as shown in Figure 3 .
R-CMM questions
Questions are purposefully designed to be 'open' to encourage users to investigate how to provide an answer to whether the goal is being met. Providing answers to these set questions will help managers to gauge whether progress is being made towards meeting the goal (Pfleeger, 1995) . The questions relate to a defined process; a level of quality (e.g. repeatable, managed) and the answers to these questions should relate to this quality perspective (Basili and Rombach, 1988) . To meet these aims each question in the R-CMM should be
• clearly defined • directly related to the goal • a guide to solutions provided by the processes
Output from answering these questions will be assessed and fed back into the model to define new goals. For example the question, "How repeatable is your elicitation process?" focuses on the Level 2 goal of creating a repeatable RE process and points to quantifiable processes. Questions also create a direct link to different phases in RE and begin to decompose the RE process. The RE phases modelled in the R-CMM questions mirror those found in (Dorfman and Thayer, 1997) and (Pressman, 2001 ). These phases are: management of the RE process, elicitation of requirements, analysis and negotiation of requirements, documentation of requirements and verification of requirements. The purpose of this phased view of RE is to help practitioners relate the complex RE process to best practices.
Processes: The substance of the R-CMM
The R-CMM 'process' dimension places the RE process in context with goals and questions at different levels of process maturity. The process capability of a company relates to a level of RE process maturity. Each sub-process represents best practice and addresses problems highlighted in our empirical research (examples of sub-processes that represent a Level 2 capability are given in section 6). If a company decides not to include a recommended subprocess they should first run an objective assessment in order to determine its importance. This is because breaking down the RE process into these sub-processes may help to uncover hidden weaknesses.
Modelling processes separately therefore allows companies to examine and prioritise their RE process improvement activities. Also, viewing processes independently eases the transition from a descriptive process (that addresses 'what' should be done to improve processes) to a more applicable prescriptive process (that shows 'how' the process can be implemented). A criticism of the SW CMM is that it is too descriptive and does not provide sufficient examples and specific guidelines to help companies with their process improvement activities, e.g. (Lauesen and Vinter, 2001; Potter and Sakry, 2001) . By taking key RE sub-processes and extending them into detailed guidelines the R-CMM features specific activities that in turn can be measured.
R-CMM metric focus
It is only through interrogating processes and assessing their strength that a company can determine how well their goals have been met. Measuring the strength of a process will also lead to a better understanding of current practices that in turn will help companies to set realistic project goals (Basili, 1995) and (Madhavji, 1991) . Setting realistic goals means recognising and prioritising which processes need strengthening. Although assessment of processes and improvement of processes would appear to be two sides of the same coin, a survey covering 17 European countries with 3,401 responses from software organisations observed that:
"when companies reported that they are improving their software processes, less than 15% of the total are applying SW assessment methods." (Ibanez and Rempp, 1996) Organisations therefore need to be guided towards using assessment methods as an integral part of process improvement. The R-CMM models measurement through assessing individual process strengths, as shown in the 'Metric' dimension in Figure 3 , whilst retaining a goal focus. The assessment method used in the R-CMM is a tried and tested technique where the 'approach', the 'deployment' and the 'results' of each sub-process are measured. The process measurement method is adapted from a model developed by Motorola (Daskalantonakis, 1994) . Section 6.5 shows how the metrics form part of the overall model, and Appendix B explains how a sub-process is measured to confirm its capability.
R-CMM Level 2: Model detail
This section gives examples of the Level 2 R-CMM and builds on the work given in section 4.2.
Level 2 RE goal
The Level 2 goal "Implement a repeatable RE process" in Figure 4 is a refinement of the SW CMM Level 2 focus where repeatable software processes are established. Companies who have few controls over their RE process need to work towards instituting the baseline activities introduced at this level.
Level 2 RE questions
As detailed in Figure 4 , the R-CMM for Level 2 presents users with 5 questions that query whether their RE process is complying with the Level 2 maturity goal. The Level 2 goal is decomposed into questions that link to recognised RE phases. To answer questions (Q1-Q5), the user must determine whether processes are successfully instituted at a repeatable level.
Sub-processes can apply to more than one RE phase, and this relationship is modelled in the R-CMM. For example the sub-process P13 "Establish/maintain a repeatable traceability process that is project based" relates to the elicitation, analysis, documentation and validation phase of the R-CMM. Whereas the sub-process P4 "Establish process to identify stakeholders in the requirements phase of the project" is set up in the RE management phase and therefore relates to this phase. Processes in the R-CMM can therefore span various RE phases and bridge the gap between a traditional, structured 'lifecycle' view of RE and the more fluid process view as "requirements are developed iteratively" (Peters and Pedrycz, 2000) .
The Level 2 RE process
This section introduces 20 sub-processes that were selected as key to baseline RE needs at a project level as shown in Figure 4 . The primary motivation for including each sub-process is shown in Table 2 and is explained in Sections 6.3.1-6.3.3. Process descriptions are kept simple at this level of abstraction; in Section 6.3.4 we provide pointers to more detailed definitions. Table 2 ) covers general 'organisational' activities within the RE process. From our empirical study we conclude that organisational issues are causing practitioners more problems than technical issues, this is also a finding in Lubars et al. (1993) . The SW CMM is therefore placing the right emphasis on 'managing' the RE process, yet requires enhancement in the areas presented in our empirical research and the literature (categories 2 and 3 in Table 2 ).
The SW CMM The SW CMM motivated category (category 1 in
All SW CMM Key Process Areas (KPAs) start with 'goals' to emphasise the importance of this focus. KPAs include the need to assign responsibilities and resources to each activity. We have adapted these activities to relate specifically to the RE process rather than general software development.
Empirical research
Problems raised in our empirical research are viewed in two categories: organisational RE problems and technical RE problems (as shown in Table 1 ). Processes included in the R-CMM directly address the problems raised in both these categories. For detailed analyses of our study refer to Hall et al. (2002b) and Beecham et al. (2003c) .
Literature
Although all SW CMM Key Process Areas (KPAs) start with 'goals' there is nothing specific about how companies should identify their own goals based on their own personal RE weaknesses. Therefore we look to the literature for guidance, e.g. (Davis 1988; Sawyer et al., 1997; IEEE, 1998; Robertson and Robertson, 1999) who suggest companies set realistic improvement goals when planning for RE process improvement.
The literature is rich in suggestions for RE process improvement. However, these recommendations can conflict with each other despite being founded on empirical studies. Bach Table 2 . Motivation for including RE processes in the R-CMM at level 2 maturity.
Source
Level 2 RE Processes 1. SW CMM P1: Follow a written organisational policy for managing the system requirements allocated to the software project P2: Establish project responsibility for analysing the system requirements and allocating them to hardware, software, and other system components P5: Provide adequate resources and funding for managing the allocated requirements in the project P20: Establish a process to review allocated requirements within the project to include software managers and other affected groups 2. Empirical Research P3: Implement training programme to recognise and meet technical and organisational RE needs within the project P4: Establish process to identify stakeholders within the project P6: Establish process to identify skills needs within project, e.g. UML, Formal methods P7: Institute process to maintain organisational stability within project, e.g. control staff change P10: Establish/maintain process to involve key stakeholders in requirements phase of project P13: Establish/maintain repeatable requirement traceability process that is project-based P14: Establish a repeatable process to manage complex requirements at project level P15: Establish a repeatable process to manage vague requirements at project level P16: Establish a repeatable process to manage requirements growth at project level P17: Establish a repeatable process to manage user understanding at project level P19: Agree and document technical and organisational attributes specific to project 3. Literature P8: Explore alternative solutions, RE techniques and tools for the project P9: Establish/maintain process to reach agreement with customer on requirements for project P11: Set realistic improvement goals to address problems in the RE process P12: Establish/implement process to assess feasibility & external environment of project P18: Monitor progress of the set requirements goals (1999) advises not to rely on the literature alone to guide practitioners. Bach states that work of software best practice books can be based on 'the passions of people who write the textbooks or run huge stuffy companies '. Bach (1999) asks that this knowledge be 'opened up' and we have done so by using the literature and best practices in the SW CMM to support our own findings.
Defining the RE process
Defining processes needs to be built into software development as it is not a natural activity. As Thomas and McGarry (1994) point out, 4 out of 5 software-development groups have nothing that can be recognised as a software process. Each organisation should tailor the descriptive and necessarily generic definitions given in the R-CMM in order to have a shared and meaningful understanding of the process. Figure 5 is an example of how we define the process through the SW CMM guidelines and the literature. These descriptions are not intended to advise users 'how' to solve their problems. At this stage, the model is encouraging users to understand their problems through clear definitions. Detailed definitions and references for all Level 2 processes are included in Beecham et al. (2003b) .
RE guidelines
In the example of a Level 2 process guideline (P4) given in Figure 6 , we can trace how the goal to "establish a process to identify stakeholders within the project" comes from the higher level model in Figure 4 . This more detailed model retains the Goal Question Process Metric framework of the higher level model. Guideline sub-processes move away from the descriptive process definitions given in Figure 4 as they prescribe lower level processes that are needed to achieve improvement goals. They are based on an analysis of the RE literature. The example given in Figure 6 is based on the work of Sommerville and Sawyer (1997) and is supported by our findings in Hall et al. (2002b) . The work of Boehm (2001) , StandishGroup (1995) , Dorfman (1990), El Emam et al. (1996) and Hofmann and Lehner (2001) also highlight the importance of this sub-goal.
Each high level process modelled in Figure 4 has an associated guideline similar to the example given in Figure 6 .
Level 2 RE metrics-The assessment
The assessment forms the final part of the Goal/Question/Process/Metric paradigm. Metrics are used to quantify how well a sub-process has been approached, deployed and what the results of implementing the process yields. This is a flexible assessment method as it is also possible to combine measurements of all the sub-processes to gain a high level view of the RE process strength. We adapt an assessment procedure that has been tried and tested in a high level maturity company (Daskalantonakis, 1994) to measure these operations. Assessment is viewed as an essential element of process improvement as any process improvement effort should begin with some kind of assessment, to establish a baseline understanding of current processes and problem areas (Wiegers, 1998a) . It is only through an assessment that companies can gain a balanced picture of where their current processes need improving. Further, it is only with this knowledge that companies can set realistic RE process improvement goals (Davis 1988; Sawyer et al., 1997; IEEE, 1998) . Practitioners need to identify their own specific reasons for wanting to improve their performance and the assessment will lead companies to look at their current process capabilities and set realistic goals when planning for further RE process improvements.
Sub-processes are assessed one at a time. Appendix B gives an example of how a subprocess is measured and can be combined with other sub-processes to give an indication of the strength of an RE phase such as 'elicitation'.
Conclusion
The RE process remains a major source of problems in software development despite the increase in organisations implementing software process improvement programs. In this paper we describe why and how we have adapted the SW CMM to focus on the RE process. We create a specialised process improvement model-the R-CMM-in order to assess the capability of the many sub-processes that combine to make up the RE process. We demonstrate an improvement methodology through a series of models that isolate and focus on the RE phase of software development. The Level 2 R-CMM and process assessment examples in the paper show how practitioners are guided towards recognising their own baseline RE process strengths and weaknesses.
The R-CMM retains the characteristics of the 'parent' SW CMM in order to build on proven methods and promote a smooth transition for practitioners familiar with CMM techniques. Our work is primarily driven by the needs of the software industry, and the model content is based on an analysis of practitioner needs identified in one of our previous empirical studies. Combining the features of the SW CMM and an independent assessment scheme should make the R-CMM applicable to a wide range of software companies.
The processes defined in the R-CMM work together to produce a baseline structure for companies to consider within their software development activities. A first step towards improving and managing RE is to define and tailor processes to meet the specific needs of the organisation. The Goal/Question/Process/Metric continuous improvement approach of the R-CMM guides users towards creating specific goals based on their business needs.
This paper shows how the R-CMM guides and prompts practitioners through the many stages involved in RE process improvement. It is intended that description of the stages involved in developing the model, as outlined in this paper, will provide a foundation for future development in the area of RE process improvement.
Future work
A validation study of our R-CMM has recently been carried out with a group of experts in both research and industry (Beecham et al., 2005) . Although this is a preliminary study, results suggest the R-CMM has some potential to be a useful tool for both practitioners and researchers in the field of process improvement and RE. Future work includes creating a more flexible, weighted assessment scheme (dependent on a company's experience), and re-defining some R-CMM sub-processes. Verification and evaluation is still required, and future work includes testing the model in an industrial setting.
Related term and Term acronym Definition of term that applies to this paper Best Practice A [proven] tactic or method chosen to perform a particular task and/or to meet a particular objective (Dooley et al., 2001 ). Culture Organisational "that's the way we do things around here" (Paulk, 1997 , page 10) Customer
The person, or persons who pay for the product and usually (but not necessarily)decide the requirements. In the context of this and the IEEE (1998) recommended practice the customer and the supplier may be members of the same organisation. The individual, group, organisation that commissions the development of the system (Loucopoulos and Karakostas, 1995) . Engineering "Engineering is the use of principles to find designs that will meet multiple competing objectives, within limited resources and other constraints, under conditions of uncertainty" (Gilb, 1996) . Engineering
Requirements (see also requirements engineering)
Deals with activities which attempt to understand the exact needs of the users of the software intensive system and to translate such needs into precise and unambiguous statements which will subsequently be used in the development of the system (established as a separate field of investigation and practice in mid 1970s) (Loucopoulos and Karakostas, 1995) Framework An essential supporting or underlying structure (Concise Oxford Dictionary, 2001) Goal Question Metric GQM A paradigm proposed by Basili and Rombach (1988) that is used to help decide what measurements should be taken and how they should be used (Sommerville, 2001 ). Life cycle Software The period of time that begins when a software product is conceived and ends when the software is no longer available for use. The software life cycle typically includes a concept phase, requirements phase, design phase, implementation phase, test phase, installation and checkout phase, operation and maintenance phase, and sometimes, retirement phase. These phases may overlap or be performed iteratively (IEEE, 1999) Life cycle System The period of time that begins when a system is no longer available for use (IEEE, 1999 A collection of activities with entity flows among them (Yu and Mylopoulos, 1997) or "particular method of doing something, generally involving a number of steps or operations." Webster's Dictionary in Fayad, 1997 . Process Maturity The degree, to which a process is defined, managed, measured, and continuously improved (Dooley et al., 2001) . Process Tailoring or Customising "for any process model to be effective in the specific project in hand, there is a need to customise the model according to the project goals. This may be achieved by characterising various aspects of the project (e.g. resource constraints); setting up project goals; assessing how these goals are supported by the adopted process model, tailoring the process model to suit project goals; using the tailored process model in the project; assessing and fine-tuning the model on an on-going basis. The customisation process would be simplified considerably if process models were organised hierarchically, leading from generic models at the top of the hierarchy to specific models at the bottom." (Madhavji, 1991) (the cmm does this to an extent). Requirement Or, set of Requirements A feature or behaviour of the system that is desired by one or more stakeholders (Britton, 2000) . A condition or capability needed by a user to solve a problem or achieve an objective. A condition or capability that must be met or possessed by a system or system component to satisfy a contract, standard, specification, or other formally imposed documents. A documented representation of a condition or capability as in (1) and (2) (IEEE, 1999) Requirements Allocated (as in CMM)
The agreement with the customer of the requirements for the software project (Davis et al., 1993 ) Requirements Analysis The process of studying user needs to arrive at a definition of system, hardware, or software requirements. The process of studying and refining system, hardware, or software requirements (IEEE, 1999) (Continued).
Related term and Term acronym Definition of term that applies to this paper Requirements Errors 2 classes according to (Davis et al., 1993) A separate field of investigation and practice established in mid 1970s (Loucopoulos and Karakostas, 1995) . The science and discipline concerned with analysing and documenting requirements, including needs analysis, requirements analysis, and requirements specification. It also provides the appropriate mechanisms to facilitate the analysis, documentation, and verification activities. Requirements engineering can also be defined as a combination of requirements analysis and the documentation of the requirements into a form called requirements specifications. Chapter 1 (Thayer and Dorfman, 1990 
RE Process
Activities which attempt to understand the exact needs of the users of the software intensive system and to translate such needs into precise and unambiguous statements which will subsequently be used in the development of the system. (Loucopoulos and Karakostas) . Activities performed in the requirements phase that culminate in prodcing a document containing the software requirements specification (Jalote, 1997 Is the science and discipline concerned with analysing and documenting system requirements. It involves transforming an operational need into a system description, system performance parameters, and a system configuration through the use of an iterative process of analysis, design, trade-off studies and prototyping Chapter 1: (Thayer and Dorfman, 1990 The individual, group or organisation that will work with the system itself (Loucopoulos and Karakostas, 1995) . User Communication Supplier communication with users (e.g. how company structure dictates who discusses customer requirement needs with the customer and user).
APPENDIX B: Example of R-CMM process measurement
This example shows how the R-CMM measures the capability of the elicitation phase of RE. The elicitation phase is just one of the 5 phases represented in the R-CMM. The sub-processes listed in Table 3 define the RE elicitation phase:
Measuring processes
The first stage involved in measuring the capability of the RE process assesses the strength of one sub-process at a time. This method can be used to assess the strength of any defined process within the R-CMM. Three elements of the sub-process are measured: the approach to the process, the deployment of the process and the results of process application. An average of all three elements gives the score for each sub-process. The six steps below explain how each sub-process is measured to assess its capability. This is adapted from a Establish and maintain repeatable requirement traceability process that is specific to the project P19 Agree and document technical and organisational attributes specific to the elicitation process in the project method used by Motorola to internally assess their software processes (Daskalantonakis, 1994) .
Step One. A clear understanding of the process is confirmed
A detailed definition is included with each question. The participant only continues with the assessment if the definition is clearly understood. Prior to participating in the questionnaire assessment, participants are told "Please note: you do not have to personally be involved in performing the process-it's enough that you know who performs it to answer the following" (SEI, 1996) .
Step Two: Measuring the 'Approach' to the sub-process
The first of the 3 measurement elements is based on the participant's understanding of the company's 'approach' to the sub-process. This encompasses the SW CMM characteristics of demonstrating a commitment to perform and ability to perform the process. Table 4 gives an example of how a participant might measure a sub-process. A specific example might be that participants are asked to tick the most appropriate statement (in Table 4 ) relating to how their company approaches the process P6 -"established a process to identify skills needs within elicitation phase of the project, e.g. UML, Formal methods": 'Approach' score for sub-process P6: The process "Establish process to identify skills needs within elicitation phase of the project" scores a '6', i.e.((6 + 8 + 4)/3 = 6), so the opinion of this stakeholder is that the company's 'approach' to this process is marginally qualified. The stakeholder then assesses P6 against the other two elements: deployment and results.
Step Three: Measuring the Deployment of the Sub-Process
The next stage is to assess how a process is deployed in practice. The statements used to measure this incorporate SW CMM characteristics where each process is analysed, Table 4 where responses range from poor to outstanding. For the purposes of this example the Stakeholder scores a total of 3 for deployment of process P6.
Step Four: Measuring the Results of the application of Sub-Process
This final dimension measures whether the process goals are appropriate and looks at the effectiveness of the activities performed. These measurements are also characteristics of the SW CMM. The measurement matrix follows a similar pattern of assessment to Table  4 where responses range from poor to outstanding. For the purposes of this example the Stakeholder scores a total of 3 for results of implementing P6.
Step Five: Combining 3 evaluation scores to assess the strength of each Sub-Process
All three evaluation dimensions and their scoring guidelines are examined simultaneously and all dimensions are equally weighted. Averaging the score of process assessment indicates a level of capability. For example P6 is 'fair' if it receives a score of 4 when averaging scores for its approach, deployment and results, for example using scores in steps 2-4 above: (6 + 3 + 3)/3 = 4.
Step Six : Combining sub-process scores to assess strength of each RE phase When all the sub-processes have been assessed, then a capability for each RE phase can be obtained. Figure 7 gives an example of a RE Phase Assessment sheet. It shows how each measured process is combined to give a score that relates to-in this case-the capability of the elicitation phase of requirements. All the 5 RE phases are assessed in a similar way. This assessment can generate the following results:
A score for each sub-process (seven given in the example relating to requirements elicitation) A score for each of the 5 RE phases (management, elicitation, analysis and negotiation, documentation and validation) A score for the RE process (all 5 RE phases)
Validation of the R-CMM highlighted that giving each of the above dimensions the same weighting may not suit some companies (Beecham et al., 2005) . For example, the 'application' section may be considered more important than the 'approach', i.e. if the process proves to be very useful and is being used successfully, management support may not be so important. In this case, a company may decide to place a weighting on the application dimension. This is a subject in need of further investigation and forms part of our future work.
